A model for the structure of CAD
The multienzyme polypeptide CAD comprises the following enzyme activities: glutamine-dependent carbamyl phosphate synthetase (CPSase 11), aspartate transcarbamylase (ATCase) and dihydroorotase (DHOase). The appropriate domains of the polypeptide thus catalyse sequentially the first steps of pyrimidine biosynthesis in mammals. Figure 1 illustrates the concept of the molecule that we have Abbreviations used: ATCase, aspartate transcarbamylase; CAD, multienzyme polypeptide containing the first enzymes dedicated to pyrimidine biosynthesis in higher organisms; CPSase 11, glutamine-dependent carbamyl phosphate synthetase; DHOase, dihydro-orotase; PRibPP, phosphoribosyl pyrophosphate. been using for the past few years, where each folded domain corresponds to a region where an enzymic reaction or part-reaction is catalysed, and there is a flexible linker between the C-terminal ATCase domain and the rest of the molecule. The sequence of the ATCase region is similar to that of the catalytic subunit of the Escherichia coli enzyme, and modelling of the CAD sequence [ 11 into the known crystal structure of the latter, as well as our own demonstration of immunological cross-reaction between the two (B. P. Hemmens and E. A. Carrey, unpublished data) , justifies the trimeric contacts at the C-terminus of the polypeptide in the model. Clearly the poorly conserved external residues, which do not affect the overall folding of the molecule, prohibit complete cross-reaction, since our The GLN (glutaminase) domain, at the extreme N-terminus of the polypeptide, catalyses the removal of the ammonia group from glutamine, t o be used in the synthesis of carbamyl phosphate by the CPS domains. In this model, the ATCase domain is attached t o the rest of the molecule by a flexible linking segment of 120 amino acid residues. The use of the substrates to synthesize the final product, dihydro-orotate, is shown as a stylized pathway across the protein molecule.
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We have also used chemical cross-linkers to test the proximity of domains. In this case the DHOase domains that can be isolated from a limited digest of CAD will not cross-link although we know that they form dimers in solution (B. P. Hemmens and E. A. Carrey, unpublished data); there seems instead to be some internal cross-linking, perhaps because the surface residues of two subdomains are in the correct mutual orientation. On the other hand, larger fragments containing the DHOase domain and all of the CPSase domains will cross-link in pairs, suggesting that the conformation of the interacting DHOase surfaces can be stabilized by other domains in CAD, notably the extreme N-terminal domain. It is interesting that the DHOase region was originally mapped to the N-terminus of the polypeptide because the genetic evidence pointed to DHOase deficiencies at this locus.
From our work we can say that the interactions between the ATCase domains and the pairing of DHOase domains can thus account for the hexamers formed by CAD in sucrose density gradient centrifugation [2, 31. 
Regulation of the CPSase activity by ligands
In our model, three domains of CAD make up the CPSase I1 activity; the extreme N-terminal domain is homologous to the glutamine-hydrolysing small subunit of E. coli CPSase, while the synthesis of carbamyl phosphate from ammonia, bicarbonate and ATP is catalysed in a region that shows internal homology suggesting an ancient gene duplication. The duplicated regions of the CPSase sequences each contain a putative ATP-binding site [4-61, and site-directed mutagenesis of the bacterial enzyme has been used to identify the regions involved in the part-reactions of carbamyl phosphate synthesis [7] .
The CPSase 11, assayed using ammonia as a substrate, shows a sigmoid dependence on ATP concentration, accentuated at low concentrations of magnesium [8] . Similar kinetics in CPSase I, the mitochondria1 counterpart, have been analysed in terms of separate active sites for the two ATP molecules (91 rather than homotropic co-operativity for ATP. An equivalent situation seems to apply for CPSase I1 since the site that catalyses the activation of the bicarbonate (the first part-reaction) has a K,,, (ATP) that is one-tenth the value of that for the overall reaction [ 101. The sigmoid ATP-depend-
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ence that is observed at low M$+ concentrations [8] would correspond to a stricter requirement for magnesium ions at the low-affinity site than at the high-affinity site. Even if the two ATP-binding sites do not have homotropic interactions, there is no doubt that they must co-operate -firstly, in the sense that both part-reactions are required for the synthesis of carbamyl phosphate, and secondly because there is evidence from the counterpart enzymes that the ATP sites are close together in space [ l l , 121 . The interactions between the CPSase domains may be exploited by allosteric effectors, altering the affinities of either or both of the ATP-binding sites and hence the sigmoid nature of the ATP-dependence curve. UTP increases the sigmoidicity and decreases the affinity of CPSase I1 for ATP and for magnesium ions, while phosphoribosyl pyrophosphate (PRibPP) has the reverse effect [8] , giving a very large (approximately tenfold) activation when low concentrations of ATP and magnesium are used in the assay. In these experiments, we assayed the synthesis of carbamyl phosphate from ammonia, using ammonium chloride as substrate and quenching the reaction by heating with ammonium sulphate to convert the product to urea [13] : thus, only the activity of the core CPSase was investigated. The results confirmed that CPSase I1 is controlled at the steps catalysed by the synthetase domains, equivalent to the large subunit of the E. coli enzyme.
Regulation by phosphorylation
The allosteric control of enzyme activity is a sensitive response to fluctuating concentrations of soluble substrates and effector ligands, while the phosphorylation of proteins by kinases is typically a response to an external signal, transmitted through one of the second-messenger systems in the cell.
CAD is phosphorylated at two sites by cyclic AMPdependent protein kinase, and the CPSase activity of the phosphorylated protein is resistant to feedback control by UTP [14] . CPSase I1 is still activated by PRibPP, and has a slightly higher affinity for M$+ ions in the phosphorylated protein [8] . In terms of a conventional allosteric model, we can say that phosphorylation stabilizes the R state, which has a high affinity for ATP and M g + ions and is also stabilized by PRibPP; alternatively, the phosphorylated enzyme cannot be pushed by UTP into the low-affinity T state [8] .
In many respects, UTP and phosphorylation have opposing effects on CAD. In the presence of UTP the protein is more resistant to proteolysis, and the CPSase activity is more stable at 37°C [15] , but phospho-CAD is more sensitive to proteases and is not protected by UTP [16] . The kinase is unable to phosphorylate CAD at either of the two sites when UTP is present [ 171, but labelling is not affected by PRibPP; we have already seen that the phospho-enzyme responds to PRibPP and not to UTP. In other enzymes, the phosphate group works allosterically (glycogen phosphorylase [ 181) or through a direct steric hindrance (isocitrate dehydrogenase [19] ) on the binding site for a substrate or ligand. We do not yet know whether either mechanism applies in CAD between phosphorylation and the UTP-binding site; however, our preliminary results (S. M. Shaw, N. Sultan and E. A.
Carrey unpublished data) suggest that the binding site for UTP is at the C-terminal end of the CPSase domains. Phosphorylation site 1 is found nearby, and there is extensive evidence from covalent binding studies [20, 211 that most if not all of the allosteric effectors bind to this region -'the allosteric domain' -in all the CPSase enzymes.
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The linking segment in CAD
The second phosphorylation site in CAD is in the segment between the DHOase and ATCase domains, making it less easy to predict a role in enzyme regulation following modification at this site. One simple model might suggest that electrostatic repulsion between two phosphate groups could cause a rearrangement of domains by pushing apart regions of the protein (Figure 2) . The 'open' version would be more accessible to proteases, while the binding of UTP to the regulatory CPSase domains would make the respective sites less open to attack by proteases and the protein kinase. The region between the ATCase and DHOase domains may have sufficient secondary and tertiary structure to allow it to move as a rigid body. This feature was suggested by a comparison of the pH-dependence of phosphorylation at site 2 in CAD and in a synthetic polypeptide [22] . Instead of the two arginine residues that are usually found N-terminal to the serine that is phosphorylated by cyclic AMP-dependent protein kinase, site 2 contains His-Arg. In the synthetic peptide, the rate of phosphorylation was related to the protonation of the histidine side chain three positions N-terminal to the phosphorylatable serine, as expected for a highly solvated polypeptide, while the same sequence in the protein is not sensitive to pH. This indicates that structured interactions are keeping the histidine side chain in a protonated form across the range of pH, and supports structure predictions that the region comprises turns and extended B- 
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sheets [23] (L. Sawyer and E. A. Carrey, unpublished data) .
Channelling of substrates
Finally, we must ask ourselves to what extent the multi-domain structure can ensure channelling of labile substrates. Here I believe we can only anticipate a process of facilitated diffusion between active sites that are close together in space, for the following two reasons: the intermediates are soluble (not attached covalently to a cofactor), and they can be provided from the bulk solvent both in vitro and in vivo. The second feature causes the high concentrations of orotic acid observed in clinical conditions where the ornithine transcarbamylase activity in the liver is deficient: carbamyl phosphate from the mitochondria is used by ATCase in the cytoplasm. Even in separate enzymes with soluble substrates, the direction in which a metabolite is transferred is assured by a higher affinity and a faster rate of utilization at the active site of the enzyme catalysing the subsequent reaction in the pathway. A multienzyme polypeptide, with several interacting domains, has the potential to increase the activity of part-reactions or individual steps in response to the binding of substrates at distant sites, and this super-allostery seems to operate in CAD. The ammonia-dependent reaction of the CPSase activity, in common with the E. coli CPSase, is activated when glutamine analogues bind to the N-terminal domain [ 101, an effect that underlies the lower K , for ammonia derived from glutamine when the enzyme is using its natural substrate, glutamine [8] . In a similar way, we observe a lower K , for carbamyl phosphate when the ATCase reaction proceeds in the presence of the CPSase substrates and PRibPP (H.
S. Irvine and E. A. Carrey, unpublished data) . Bicarbonate, in the presence of the other CPSase substrates (i.e, completing the required substrates for CPSase), causes an increased velocity of the ATCase reaction, even though the carbamyl phosphate provided from CPSase I1 is a very small amount compared with the external provision. W e find that external carbamyl phosphate inhibits the synthesis of radiolabelled product by CPSase 11, and that the apparent relief from this inhibition has a sigmoid relationship to the concentration of aspartate. Our data complement earlier studies of CAD, using different methods [24, 251, and are similar to a study of the bifunctional counterpart from Saccharomyces cerevisiae [ 261. We have not observed channelling conclusively, in the sense of preferential use of the endogenous intermediate, in any of these cases. However, the alteration of affinities and rates is a good example of the positive effects of interdomain interactions in the multienzyme polypeptide CAD, leading to a sensitive response of the early steps of pyrimidine biosynthesis to concentrations of the substrate and effector molecules.
